[1] There has been an impression for more than half a century that reductions in the north-south component of the Earth's magnetic field in the polar region (often called ''negative magnetic bays'' or ''polar magnetic bays'') may occur immediately after compression of the magnetosphere by interplanetary (IP) shock impacts, in particular when the magnetosphere is ''preconditioned'' by southward interplanetary magnetic field (IMF). A literature search suggests that this view has not been rigorously verified nor disproved. This paper reports a study of 43 IP shock events to illustrate the effect of IP shock-magnetosphere coupling on the high-latitude auroral electrojets. Specifically, we correlate the strength of magnetic bays (inferred from minimum values of the AL index within a 30-min window after shock impact) with solar wind parameters and their combinations within the same time window. It is surprisingly found that the strength of magnetic bays correlates much better with solar wind parameters downstream of a shock (correlation coefficient, r, up to 0.86) than solar wind parameters upstream of a shock (r up to 0.6). Therefore whether or not an interplanetary shock can ''induce'' a magnetic bay depends on the concurrent solar wind and IMF conditions. This strongly suggests that enhancements of the westward auroral electrojet during magnetosphere compression are primarily associated with a directly driven process. It is also found that the solar wind dynamic pressure, which is traditionally considered a secondary effect, contributes equally with IMF B z to the westward auroral electrojet.
Introduction
[2] While magnetic field merging/reconnection, initiated by a southward directed interplanetary magnetic field (IMF), is widely accepted as a principal mechanism for transferring solar wind mass, momentum, and energy to the magnetosphere, interplanetary (IP) fast-mode shocks can also be an important source of geomagnetic disturbances. Recent studies of a geomagnetic storm event that occurred during the passage of the 4 -11 January 1997 coronal mass ejection/magnetic cloud have shown independently that auroras [e.g., Spann et al., 1998; Zhou and Tsurutani, 1999; Liou et al., 2002] , auroral electrojets [Shue and Kamide, 2001] , and cross-polar cap potential drops [Hairston et al., 1999] were enhanced after impingement of IP shocks or solar wind dynamic pressure pulses on the Earth's magnetosphere.
[3] When the region of high solar wind dynamic pressure in the shock downstream interacts with the magnetosphere, it compresses the dayside magnetosphere earthward and causes eastward magnetopause currents to increase to balance the shock compressional force, resulting in geomagnetic and optical disturbances until a new equilibrium magnetosphere configuration is established. The enhancement of the currents can be observed on the ground at middle and low latitudes as a positive excursion in the north-south (H) component of the geomagnetic field, often referred to as a storm sudden commencement (SSC) or a sudden impulse (SI) depend-ing on whether a geomagnetic storm is followed, and a negative excursion in the H component of the geomagnetic field at high latitudes.
[4] Sharp decreases in the high-latitude H component of the geomagnetic field (or simply negative magnetic bays) are traditionally viewed as one of substorm expansion onset signatures because they occur at times of auroral breakups [Akasofu et al., 1965] . Because of this reason, IP shocks are considered as an external substorm trigger [Schieldge and Siscoe, 1970; Kawasaki et al., 1971; Burch, 1972; Kokubun et al., 1977; Zhou and Tsurutani, 2001] . This view was later challenged by new observations indicating that negative magnetic bays can also occur during enhanced plasma convection associated with extended southward interplanetary magnetic (IMF) [Sergeev et al., 1998; . More recently, using global auroral images from Polar, Liou et al. [2003b] demonstrated that most of the polar magnetic bays associated with sudden magnetospheric compression were not accompanied by auroral breakups, and they concluded that IP shocks do not trigger substorms but ''compression bays.''
[5] Although compression bays are intimately associated with sudden magnetospheric compression by shocks, mechanisms responsible for this type of magnetic bays have not yet been fully explored. Previous studies have shown that not every SSC/SI is followed by a negative magnetic bay. This strongly suggests that magnetospheric compression is not a prime factor responsible for the bay production. Magnetosphere energy seems to be another controlling factor because negative bays tend to appear during geomagnetic active periods [Kawasaki et al., 1971; Kokubun et al., 1977] or the magnetosphere has been ''preconditioned'' by a southward IMF prior to the SSC/SI [Burch, 1972; Zhou and Tsurutani, 2001] . The preconditioning of the magnetosphere scenario seems to be physically plausible because it is in analogy to the growth phase of substorms. In order to trigger a polar magnetic bay by a shock impact, the magnetosphere must be inflated with enough energy and thus be in a metastable state.
[6] However, Liou et al. [2003b] questioned the precondition hypothesis because the correlation coefficient between AL and the 30 min averaged IMF B z was found to be poor, 0.30 for the shock upstream and 0.12 for the shock downstream. This suggests that the generation of compression bays is controlled by other parameters such as the solar wind dynamic pressure. It was pointed out by Schieldge and Siscoe [1970] , Kawasaki et al. [1971] , and Burch [1972] that the SSC amplitude is important in determining whether a simultaneous negative bay will be triggered. To better understand the control of the production of negative bays, we will quantitatively correlate magnetic bay magnitudes with solar wind parameters in this study.
Data Analysis
[7] This study is based on a listing of 43 SSC/SI events that have been identified and analyzed previously by Liou et al. [2003b] . All events, occurring between 1996 and 1999, have been examined and identified as being associated with IP shocks, using the solar wind plasma data from the Solar Wind Experiment (SWE) [Ogilvie et al., 1995] and IMF data from the Magnetic Field Investigation (MFI) [Lepping et al., 1995] on board the Wind spacecraft. For each event the solar wind plasma and IMF data are shifted in time to the Earth magnetosphere by adjusting the shock time to match the SSC/SI time. The AL index of 1-min time resolution, which responds to the westward auroral electrojet that develops mainly in the auroral oval region during magnetospheric substorm periods [e.g., Kamide and Akasofu, 1985] , is used to measure the strength of polar magnetic bays. The Sym-H index [Iyemori, 1990] , which is a proxy of the D st index with 1-min time resolution, is used to time the SSCs/SIs.
Case Studies
[8] We will first study two events and discuss potential effects that may be needed and accounted for in a later statistical analysis. The first event occurred on 10 January 1997 and was associated with a magnetic cloud (see, e.g., http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1.html). In this event the Wind spacecraft observed a shock in the interplanetary space at $(85, À46, À23) R E in geocentric solar magnetospheric (GSM) coordinates at 0052 UT. The time-shifted solar wind pressure (P d ), the IMF B y and B z components in GSM coordinates, the auroral electrojet AU and AL indices, and the Sym-H index are shown from top to bottom in Figure 1a . The 1-min IMF B z was small (<1 nT) in magnitude but remained stable for $1 hour. An SSC was recorded 12 min later on the ground at 0104 UT. The AL index slightly increased ($25 nT) and lasted a few minutes. At the shock front the IMF B z sharply increased and stayed largely positive for most of the time until 0218 UT when the IMF turned sharply southward and initiated the main phase of the storm. The westward electrojet (AL) was greatly enhanced afterward. Although the compression effect was very limited due to the extended northward IMF, the small AL decrease may have been purely associated with the sudden pressure jump at the shock.
[9] The second event occurred on 30 November 1998. The selection of the event is because the Wind spacecraft was very close to the Earth and the magnetosphere was well preconditioned by extended southward IMF prior to the shock arrival (see Figure 1b) . The Sym-H index indicates a clear SI occurring at 0507 UT caused by an impact of interplanetary shock, which was observed by Wind at (23, À27, 22) R E GSM at the same time, i.e., 0507 UT. The IMF was relatively stable and negative at $3 nT for more than 1 hour but became further negative in the downstream of the shock. One minute after the shock impact the westward auroral electrojet, as indicated by the AL index, decreased dramatically from À30 nT to À200 nT in $6 min.
[10] The sharp negative bay may have resulted from the negative IMF B z in the shock upstream, as suggested by many previous studies. On the other hand, the negative bay could have been associated with the sudden decrease of IMF B z immediate after the shock. Not only the timing but also the shape of AL and IMF B z after shock is similar. Note that effects from the solar wind dynamic pressure can be clearly identified at two occasions at 0513 UT and 0539 UT, where two peaks in both P d and AL coincide. This event suggests that postshock solar A06306 LIOU ET AL.: COMPRESSION BAYS wind parameters can be important in determining the strength of the westward auroral electrojet.
Statistical Results
[11] To measure the degree to which a change in the solar wind plasma and field parameters will result in a change in the strength (magnitude) of the negative magnetic bays, we conduct correlation analysis for the 43 SSC/SI events taken from Liou et al. [2003b] . Because of the simultaneous availability of both AL and solar wind/IMF data, only 41 events will be further analyzed. For each event we determine the minimum value of AL (AL min ) within a 30-min window before and after the SSC/SI and use it as the strength of the negative magnetic bay. Although the use of a 30-min window for the precondition interval is arbitrary, it should be fairly reasonable and is consistent with the precondition time used by Burch [1972] . It has been shown statistically that the auroral electrojet index, AE, reveals a maximum response to the IMF B z when the IMF B z was lagged for a time from $40 min [Meng et al., 1973] to 60 min [Arnoldy, 1971] . If a southward IMF is important, it needs not persist for a period as long as that required for a non-SSC onset.
[12] To study the relationship between the southward component of IMF and AL, the IMF B z component is averaged over a 30-min window before and after the shock for the 41 events. Pearson's correlation coefficient (r) is then computed and shown in Table 1 . The correlation coefficient for the AL min -hB z i pair is poor for both preshock (r = 0.29) and postshock (r = 0.12). It is possible that the magnitude of the magnetic bay is directly related to the magnitude of IMF B z . We perform the same analysis by substituting hB z i by the minimum values of IMF B z (B z,min ). This improves the correlation, but the correlation coefficients are still small (r = 0.35 for preshock and r = 0.40 for postshock).
[13] It is suggested from previous studies that the occurrence rate of negative magnetic bays increases with increasing magnitudes of SSCs/SIs. This possible relationship is also shown in Figure 1 . Therefore it is expected that there is a cause-and-effect relationship between solar wind dynamic pressure and the magnitude of magnetic bays. However, the effect of dynamic pressure is prompt. similar for both parameters (r = 0.65 for hP d i and r = 0.69 for DhP d i) and is much higher than that from the IMF B z effect. We also correlate AL min with the maximum P d within a 30-min time window after the shock (Figures 2b and 2d) . The result is similar (r = 0.66 for P d,max and r = 0.67 for DP d,max ).
[14] Coupling between the solar wind and the magnetosphere is not likely to be a simple function of a single solar wind or IMF parameter. Indeed, a more complex functional form that combines two or more solar wind parameters is often used to represent the coupling [e.g., Baker, 1986, and references therein], though not in particular for the shock effects. As usual, the magnitude of the AL index within a 30-min time window before and after the SSCs/SIs will be used to correlate with some well-known solar windmagnetosphere coupling functions such as the rectified solar wind electric field (vB s , where v is the solar wind speed and B s = B z when B z < 0 and B s = 0 otherwise), Kan-Lee's solar wind electric field (E KÀL = vB T sin 2 (q c /2), where q c = tan D + 0.0125xS 0 E sw F(q c )), where E sw is the solar wind motional electric field in mV/m, D is dipole strength normalized to the present value, F(q c ) is taken as sin 2 (q c /2), S 0 is the ionosphere Pedersen conductance, and x is a factor associated with the geometry of the currents flowing in the ionosphere) [Siscoe et al., 2002] , and a more general energy coupling function ( which includes the solar wind dynamic pressure term theorized by Vasyliunas et al. [1982] . Because the ionosphere conductance is not available, we will ignore the ionospheric term in the evaluation of the Hill potential.
[15] The correlation analysis is done for both upstream and downstream, and the results are plotted in Figure 3 . Since they are much better correlated with AL min than average values, only maximum values of coupling functions are shown in the figure. Note that Vasyliunas et al.'s [1982] coupling function, V , has been normalized. In general, the correlation coefficient is much higher for all coupling functions than for a single solar wind parameter except for vB s (r = 0.36 for preshock and r = 0.5 for postshock). The correlation coefficients become larger for more complex functions. A striking result is found that the strength of magnetic bays (ÀAL min ) correlates much better with upstream than with downstream coupling functions. Notice that all of last four coupling functions yield a very high correlation coefficient (r > 0.80), with Vasyliunas et al.'s coupling function being the highest (r = 0.86 for postshock). These results clearly demonstrate that solar wind conditions in the postshock region play a more important role than those in the preshock region in determining the strength of negative magnetic bays.
[ 
Discussion
[17] Preconditioning of the magnetosphere by southward IMF prior to the arrival of a interplanetary shock at the Earth's magnetosphere has long been considered as a necessary condition for the immediate occurrence of a negative magnetic bay by some workers [e.g., Schieldge and Siscoe, 1970; Kawasaki et al., 1971; Burch, 1972; Kokubun et al., 1977; Zhou and Tsurutani, 2001] . This preconditioning hypothesis is analogous to the substorm growth phase. Impingement of a shock on the magnetosphere provides a mechanism to trigger previously stored energy and released from the magnetosphere as a form of magnetic disturbances. This type of solar windmagnetosphere coupling is usually referred to as a loadingunloading process. Indeed, occurrence frequency of substorms peaks after the IMF turns southward for $40-60 min [Arnoldy, 1971; Meng et al., 1973] . While the concept that more energy can be released by magnetospheric compression if more energy is available there is physically plausible, there is no firm observational basis for it. To our knowledge, rigorous quantitative analysis has never been performed by previous studies on this question.
[18] A linear correlation analysis performed for 43 shock events performed in the present study indicates that the strength of AL is poorly correlated with the preshock IMF B z (r = 0.35). This result alone may be used to negate the precondition hypothesis. It is important to realize that the correlation is still poor even when considering the rectified solar wind electric field (r = 0.36). However, if magnetic field line merging is a dominant process for solar wind energy entering the magnetosphere, the y component of IMF should also be considered. Indeed, when considering the IMF B y component in the upstream solar wind electric field, E KÀL = vB T sin 2 (q c /2), correlation improved significantly to r = 0.6. In general, none of the solar windmagnetosphere coupling functions considered in this study yields a correlation coefficient greater than 0.6. On the other hand, when postshock solar wind parameters are considered, as shown in Figure 3 , all coupling functions result in a much better correlation, with r up to 0.86 (see Table 1 ). These consistent results clearly show that the strength of a polar magnetic bay associated with magnetospheric compression is directly driven by processes associated with concurrent solar wind parameters.
[19] The solar wind dynamic pressure has always been considered as a secondary effect to the auroral electrojet. A few recent case studies demonstrate the geoeffectiveness of the solar wind dynamic pressure. Shue and Kamide [2001] showed, based on the 10-11 January 1997 geomagnetic storm event, good correlation between solar wind density (and hence the dynamic pressure) and negative deviations of the x component of the ground magnetic field data (AL (68)) from 68 auroral zone ground-based magnetometer sites during southward IMF. However, a firm solar wind densityauroral electrojet relationship cannot be established based on this study because correlation between the solar wind density and AU (AL) is very poor for southward (northward) IMF (J.-H. Shue, private communication, 2003) . The present study results indicate that the solar wind dynamic pressure alone can predict nearly 50% of the variance in the strength of AL. Therefore solar wind dynamic pressure (and dynamic pressure changes) should play an equally important role as the north-south component of the IMF in geomagnetic disturbances at high latitudes, at least during magnetosphere compression.
[20] It is interesting to note that negative magnetic bays associated with SSCs/SIs were christened ''compression bays'' recently by Liou et al. [2003b] because they are closely associated with magnetospheric compression by shocks. Although the present finding supports this view, precisely speaking, shock-induced polar magnetic bays are from the combined effects of both magnetic field line merging and magnetosphere compression. It is also worth noting that Kan-Lee's solar wind electric field alone can predict 64% of the variance in the strength of AL. Therefore both solar wind electric field and dynamic pressure are two of the most important parameters that control the solar wind and magnetosphere coupling associated with compression. Although both Vasyliunas et al.'s [1982] energy-coupling function and the reduced Hill cross-tail electric potential take the solar wind dynamic pressure into account, the resulting correlation coefficient is not improved significantly. This is probably because their proposed forms are only a weak function of the solar wind dynamic pressure.
[21] The feature of magnetic disturbances is complex and strongly depends on the structure of the IMF and solar wind dynamic pressure, as suggested in Figure 1 . The minimum AL used in the present study is a local value that was identified within a 30-min time window, and it can become smaller if the IMF B z component keeps decreasing. We did not find any preference for the time distribution of the minimum AL identified. Another way to demonstrate the characteristic timescale of the magnetic disturbances is to perform superposed epoch analysis on the auroral AU and AL indices and the result is shown in Figure 4 . The SSCs/SIs as indicated by the immediate increase in AU and decrease in AL; the timescale of the disturbance enhancement is $30 min, which is much shorter than typical substorm timescale. A local extreme, though small, occurred at $20 min after SSCs/SIs in both AU and AL. This may suggest that the enhancement of the auroral electrojet currents are likely associated with the convection-related DP2 current system.
[22] We also examine the polar cap (PC) index. The PC index is derived from the horizontal component of the geomagnetic disturbances from a single near-magnetic pole station [Troshichev et al., 1988] . Since there is little effect from the substorm DP1 current [Liou et al., 2003a] , the PC index is a good proxy for the convection-related DP2 current system. Figure 5 shows the superposed epoch analysis on the PC index for the 43 SSC/SI events. It is clearly shown that the average PC value more than doubled in 15 min after the SSC/SI. Therefore the shock-induced magnetic disturbances at high latitudes are associated with DP2 current enhancements. Notice that there is a sharp drop followed by a quick increase in the PC index right after the SSC/SI. This negative spike signature in PC associated with a sudden increase in solar wind dynamic pressure has been reported recently by Lukianova [2003] . This transient phenomenon has a typical timescale of a few minutes and must be associated with a sudden magnetosphere compression by shocks. The direct cause of this transient phenomenon is not known and is subject to a further study in the future.
[23] High-latitude magnetic bays associated with SSCs/ SIs have been called ''compression bays'' because they are associated with magnetosphere compression caused by shocks [Liou et al., 2003b] . The bays are most likely associated with enhancements in the DP2 current system. This seems to suggest that high solar wind dynamic pressure can increase the magnetosphere convection. However, whether the increase is through the magnetic field reconfiguration or through the viscous interaction is not known and is beyond the reach of the present study.
Summary and Conclusions
[24] In this study we have correlated the strength of the westward auroral electrojet associated with magnetospheric compression (SSCs/SIs) with solar wind plasma and IMF parameters through several well-known solar windmagnetosphere coupling functions to test the precondition hypothesis. On the basis of 43 events, it is found that the magnitude of AL measured after an SSC/SI is poorly correlated with solar wind conditions upstream of a shock but highly correlated with solar wind conditions downstream of a shock. This result suggests that (1) whether or not an interplanetary shock can ''induce'' a magnetic bay depends on the concurrent solar wind and IMF conditions, (2) shock-induced magnetic bays result from a coupling effect from the dayside magnetic field merging and magnetosphere compression, and (3) the response of auroral electrojets to the shock compression is a directly driven process rather than a loading-unloading one.
